Sentinel ducks and domestic turkey flocks were monitored for influenza infection during a 4-year period. 
Influenza is a seasonal disease of domestic turkeys in Minnesota (5) and is also reported to be a seasonal disease of swine, horses, and humans (4, 6) as well as a seasonal infection in mink (13) . Influenza outbreaks among turkeys in Minnesota most commonly occur between July and November, with the majority of outbreaks occurring during September and October; they also occur when millions of turkeys are being raised in close proximity to large numbers of waterfowl that are marshalling for migration.
There are numerous reports of influenza A viruses being detected in wild waterfowl (1, 5, 7, 9, 15, 18, 20) , and as a result there is considerable speculation about their role in the epidemiology and epizootiology of influenza. However, the role of the waterfowl reservoir in outbreaks of influenza in turkeys (or other hosts) is not fully understood at present. Therefore, an influenza surveillance project was initiated to investigate the interspecies transmission of influenza A virus between wild waterfowl and domestic turkeys and to determine the role of the season in the epizootiology of avian influenza.
MATERIALS AND METHODS Sentinel ducks. One-day-old mallard ducks (Anas platyrhynchos) were raised in isolation facilities at the University of Minnesota (UM) for 6 to 7 weeks and were determined to be negative for avian influenza virus by cloacal swabbing. Pens were constructed on selected marshes that allowed contact of 10 to 20 captive UM ducks with released UM ducks and wild ducks, as previously described (5) .
Ducks were placed in the pens between mid-May and mid-July each year for 4 years. Cloacal swab samples were collected from individual sentinel ducks each week.
Selection of sites. Market turkey production in Minnesota is concentrated in the west-central part of the state. We selected ponds within this region that were within 100 to * Corresponding author. 1,000 m of turkey farms which had both range and confinement-reared turkeys.
Turkeys. Fifty turkeys representing all flocks on the farm were randomly selected every other week from each of the nearby turkey farms for monitoring for the presence of avian influenza virus. A representative number of blood samples, cloacal swabs, and tracheal swabs were collected from each flock.
Sentinel turkeys. Seven-to nine-week-old confinementreared turkeys were placed in adapted sentinel duck pens at two locations during the third and fourth years of the study. The ducks and turkeys were allowed to comingle, share feed sources, and drink pond water. The sentinel turkeys were swabbed weekly and bled biweekly.
Serum samples. The double immunodiffusion test was performed on all turkey serum samples (2) . All positive samples were tested for hemagglutinin and neuraminidase activity at the National Veterinary Services Laboratories, Ames, Iowa, as previously described (3, 19) .
Tracheal and cloacal swabs. UM ducks were swabbed cloacally, and the swabs were placed in individual transport tubes containing media with antibiotics as previously described (5). Sentinel turkeys and turkeys from commercial flocks were swabbed cloacally and tracheally. Samples from sentinel turkeys were placed in individual tubes, and samples from commercial flocks were pooled five per tube.
Samples were kept on ice in the field and at 4°C in the laboratory before egg inoculation.
Nine-day-old embryonated chicken eggs were inoculated via the allantoic route with 0.2 ml of the medium (two eggs per sample) and incubated at 35 to 37°C. The eggs were candled daily for 3 days and chilled, and a hemagglutination test was performed on allantoic fluid. Hemagglutination-positive samples were tested for hemagglutinin and neuraminidase activity at the National Veterinary Services Laboratories (3, 19) .
Steps to avoid contamination and transmission. Precautions were taken to avoid spreading avian influenza virus from one each year and coincides with a previously described increase in the number of wild ducks observed at the sentinel duck locations (5).
Influenza infection of sentinel turkeys. Figure 2 shows the weekly infection rates in sentinel ducks and sentinel turkeys in 1982, the third year of the study. At one site, H4N6 and H3N6 subtypes were detected in 2 of 10 sentinel turkeys 1 week after being detected in sentinel ducks, but H4N2, H12N5, and H1ON5, found in sentinel ducks, were not detected in sentinel turkeys. At the second site, H4N8 and H6N8 were detected in sentinel ducks but not in comingled sentinel turkeys. In 1983, influenza A virus was detected in ducks at one site, but no influenza virus was detected in sentinel turkeys at either site.
Influenza infection of turkey flocks. Figure 3 shows the number of turkey flocks in which influenza was detected each week for each of the 4 years of the study. Again, as with the onset of infection in sentinel ducks ( Fig. 1 (11) . The results of the DNR census are presented in Table 2 along with the influenza isolation rate in sentinel ducks, the number of turkey flocks infected with influenza, and the number of influenza subtypes (the number of outbreaks) in turkey flocks. There appears to be a correlation among the number of wild ducks that nest in Minnesota, the prevalence of influenza infection among sentinel ducks, the number of turkey flocks infected, and the number of antigenic subtypes detected.
DISCUSSION
The yearly placement of young, isolation-reared mallard ducks onto selected marshes frequented by nesting and migratory waterfowl and the subsequent detection of influenza A virus among the sentinel ducks presumably reflect the natural ecology of influenza A virus among wild waterfowl at discrete locations. However, it should be noted that there are hundreds of thousands of ducks and thousands of marshes in Minnesota, and that we have monitored no more than 100 ducks and six locations annually during this study. As a result, the subtypes we detected in our sentinel ducks cannot be expected to reflect the total number of subtypes present among the wild waterfowl population in Minnesota at any given time or to completely reflect the subtypes detected in turkey flocks. Furthermore, the same subtypes of virus were often detected in ducks and turkeys within a particular year, and the frequency of detection of the H and N subtypes was found to be similar but not identical for each species; however, we could rarely detect the same subtype in both ducks and turkeys in close proximity. The interspecies transmission of influenza between 20 (Fig. 3) are more related to duck movement during late summer-early fall than to duck infection rates (Fig. 1 ). An increase in waterfowl movement associated with the fledgling of local ducks and the influx of migrating birds could increase the opportunity for direct duck-to-turkey transmission. Even though the incidence of infection is high in waterfowl from mid-July to early August, many of the wild ducks are flightless during this period, and opportunity for direct interspecies transmission is greatly reduced. The data in Table 2 suggest that the more wild ducks there are, the more avian influenza virus there will be in both sentinel ducks and turkeys flocks.
( species of mammals that are found in waterfowl habitat and on poultry farms (i.e., skunks, ground squirrels, and raccoons) have been experimentally infected with avian influenza A viruses (C. Bailey, M.S. thesis, University of Minnesota, St. Paul, 1983). In addition, there is evidence that avian influenza viruses can infect mink by contact (12) , and seasonal influenza infection in mink from Augtust to November has also been reported (13) .
(iii) Environntenti1 temperature, Influenza virus survives much longer at 4°C than at 22°C (21) . In midsummer wild ducks excrete large amounts of virus, and some of it may be deposited directly in the turkeys' environment, but high environmental temperatures may inactivate the virus almost immediately as it is excreted. As environmental temperatures decline in autumnn, the virus excreted by ducks could survive for 1 month or more. Consequently, the amount of (v) Groundwater contamination. Under certain hydrogeological conditions, virus contamination of surface-water ponds could result in contamination of nearby groundwater supplies which serve as a source of drinking water for turkeys. The contamination of groundwater and well-derived drinking water by human enteric viruses and animal wastes has been documented (10, 14, 16) . The lag period demonstrated during this study may reflect the time required for virus to be transported from surface water through groundwater to turkeys via well-derived drinking water.
(vi) Virus adaptation. Even though the route(s) of transmission between waterfowl and turkeys has not been clearly identified, serial passage of a particular influenza isolate among subclinically infected turkeys may be required before infections are detected. Results obtained in this study from sentinel ducks and turkeys suggest that only certain influenza isolates that are circulating among wild waterfowl are able to infect turkeys (Fig. 2) As a result, undetected subclinically infected flocks could account for the 6-to 8-week delay.
Although influenza in turkeys usually began between mid-September and mid-October, 3 of 18 outbreaks in the 4-year period began between early May and mid-June.
Interestingly, the onset of these early outbreaks in turkeys coincided with the period of detection of influenza virus in sentinel ducks in 1981. Northward -waterfowl migration through Minnesota began in March, and we believe that a low prevalence of influenza A virus existed in wild waterfowl before our monitoring in May. However, it was difficult to determine the prevalence of infection in northbound ducks or to demonstrate a seasonal effect during March, April, and May because of the staggered nature of the northward migration and the unfavorable conditions that exist for surveillance.
It is worth noting the efforts of Hope-Simpson (8), who used World Health Organization records for a 28-year period to show that year after year outbreaks of human influenza are globally ubiquitous, occurring from October through March in the northern hemisphere and from April through September in the southern hemisphere, and that epidemic loci and antigenic variations move smoothly to and fro with the time of least solar radiation across the surface of the earth almost every year. He proposed that lack of solar radiation may affect the virus or the human host in some way that allows an epidemic to progress. Our findings of a high influenza infection rate in avian species around the period of maximal solar radiation would suggest that solar radiation is not directly affecting influenza A virus survival among ducks.
Seasonal onsets of influenza infections, similar to those in the sentinel ducks in the present study, have also been demonstrated in domestic swine and mink. Hinshaw et al. (6) found that swine in the north-central United States became infected with influenza A virus in October and that the highest prevalence of infection occurred from October through December. The serological monitoring of a commercial mink farm in Japan revealed evidence of infection among mink from August to November (13) . It would not be surprising to find similar seasonal influenza infections in other wild and domestic species.
We conclude that wild ducks are a natural reservoir of influenza A virus, but only certain duck-derived isolates are capable of infecting domestic turkeys. In addition, sentinel ducks and domestic turkeys were found to have similar seasonal influenza infections that appear to be related.
Because of the seasonal infection of wild waterfowl with influenza viruses infectious for other species and their wideranging migrations (a seasonal phenomenon related to variations in solar radiation), it is speculated that wild waterfowl may play an important role in the seasonal influenza infections of other animals, including humans.
